A new electrode catalyst prepared using methane gas by microwave-assisted catalytic decomposition has been developed. The prepared catalyst has a graphene-covered nickel particle (GCNP) structure. GCNPs were fabricated as a powder microelectrode. Oxygen reduction activity was evaluated using an electrochemical potential sweep method. This activity was evaluated by comparing the oxygen reduction reaction (ORR) at the GCNP and commercially available Pt/C. The ORR at the GCNP was found to be similar to that of Pt/C in neutral solution. In acidic solution, the GCNP exhibited higher corrosion resistance than a nickel particle. The result was due to the prepared graphene.
Introduction
Hydrogen-based energy systems are expected to be a hydrogen economy in next-generation energy delivery systems. 1, 2 Fuel cells are energy conversion devices that utilize the chemical energy of hydrogen. Over the past three decades, extensive research on lowtemperature polymer electrolyte membrane fuel cells (PEMFC) has the performance of membrane electrode assemblies. 2, 3 However, to meet cost and performance targets, the amount of platinum-group metal catalysts used should be reduced with a simultaneous increase in platinum mass activity and durability. [4] [5] [6] This presents challenges; for example, the oxygen reduction reaction (ORR) at the cathode is much slower than the hydrogen oxidation reaction at the anode. Consequently, reducing the used amount of platinum-group metal catalyst in cathodes results in serious performance degradation. [6] [7] [8] Therefore, the development of ORR catalysts with nonplatinum-group metals is strongly desired. [9] [10] [11] As recently reported, 9-11 some nonplatinum-group metal catalysts composed of N, Fe, and C show remarkable initial-stage performance in a single cell. In particular, graphene has received broad attention. [12] [13] [14] [15] [16] [17] [18] [19] For example, vertically aligned nitrogen-containing carbon nanotubes, 14 reduced graphene oxide/platinum supported electrocatalysts (Pt/RGO), 15 nitrogen-containing graphene sheets (N-graphene), 16 stabilizing metal catalysts at metal-metal oxidegrapheme triple junctions (Pt-ITO-graphene), 17 graphene wrapped multiwalled carbon nanotubes, 18 and nitrogen-doped graphene nanoplatelets (N-GNP) 19 have been reported. Microwave assisted synthesis [20] [21] [22] and microwave-assisted catalytic decomposition [23] [24] [25] have attracted attention as innovative green technology. We have developed a new carbonaceous composite electrode catalyst from methane gas by microwave-assisted catalytic decomposition. The catalyst has the structure of a graphene-covered nickel particle (GCNP). As shown in Eq. (1), C growth is promoted by the Ni particle contained in the catalyst, and then the surface of the Ni particle is covered with graphene.
In this study, the capability of GCNPs as electrocatalysts for PEMFCs was investigated. GCNPs were packed into powder microelectrodes, 26 and then oxygen reduction activity was evaluated by a potential sweep method. The activity was evaluated by comparing the ORR on the GCNP and a commercially available Pt/C catalyst. The influence of pH was also investigated.
Experimental
The electrolytic solutions were prepared using Japanese Industrial Standards grade reagents (Wako Pure Chemical) and Milli-Q water (18.2 M³·cm, Millipore). High purity grade oxygen was used.
The GCNP was prepared using a multimode microwave heating reactor, shown in Fig. 1 . The decomposition catalysts used in the reactor were composed of SiC (30 wt%) as the microwave absorber and mixed powders [Ni powder (20 wt%), HZSM-5 (47.5 wt%), Mo 2 C (2.1 wt%)] as the methane decomposition components.
Morphological analysis of GCNP was conducted using transmission electron microscopy (TEM) and Raman spectrophotometry (NRS-5100, JASCO). TEM micrographs of GCNP were outsourced to Toshiba Corporation. The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.83.339
A porous microelectrode (PME) was prepared by the following method. 26, 27 An Au wire of 50 µm diameter was inserted into a glass capillary and heat-sealed after removing the air inside the glass. By using lapping films, the tip of the capillary was polished. The tip of the Au electrode was then etched in a 1 mol dm ¹3 HCl aqueous solution at current density of 0.15 A cm ¹2 for 300 s, resulting in a cavity with a depth of 12 µm. The microcavity of the PME was completely filled with the Pt/C electrocatalyst powder such that the top of the cavity was smooth.
The GCNP was packed into the PME and subsequently used to conduct electrochemical measurements. Pt/C (Pt = 45.7 wt%) and Ni (10-20 µ, 99.9%) powder were used for comparison.
The electrochemical measurements were conducted using a digital potentiostat (HOKUTO DENKO, HAG-1512 m), equipped with a potential sweep unit. 28 An analog potentiostat (HECS, type 1112), analog function generator (HECS, type 1114), and X-Y recorder (WX-4000, GRAPHTEC) were also used. For the electrochemical measurement, PME (internal diameter, 50 µm; depth, 10-20 µm), Ag/AgCl (3 M NaCl, BAS), and Pt coil electrodes were employed as the working, reference, and counter electrodes, respectively. All electrochemical experiments were performed at 25°C « 1°C.
Results and Discussion

Morphological analysis of GCNP
The results of the morphological analysis of GCNP are shown in Fig. 2. In Fig. 2, (a) is a TEM micrograph of GCNP prepared by microwave-assisted catalytic decomposition, and (b) is an image of GCNP. Graphene is laminated on the Ni powder surface with an interlayer distance of approximately 0.34 nm; i.e., the structure of the GCNP facilitates O electron transfer. Furthermore, Raman spectrophotometry, as a versatile tool for studying the properties of graphene, 29 showed a strong signal on the G bands (1500 cm
¹1
) that represents the planarity of sp 2 carbon bonds. This result is in good accordance with the TEM image [ Fig. 2(a) ].
Typical GCNP-PME current-potential curves
The GCNP packed in the PME was evaluated for the ORR in neutral solution. Figure 3 shows typical current-potential curves at a sweep rate of 10 mV/s. An ORR reduction wave is observed at approximately 0.0 V vs. Ag/AgCl at GCNP-PME [ Fig. 3(a) ]. The ORR at GCNP-PME and Pt/C-PME resulted in approximately the same potential [ Fig. 3(b) ]. The reduction current observed under N 2 bubbling in Fig. 3(b) is a reduction reaction of Pt oxide film; the effect on ORR is negligible.
Effect of pH
Effects of pH on the GCNP were confirmed. Figure 4 shows current-potential curves at GCNP-PME and Pt/C-PME in a) acidic solution (aqueous solution containing H 2 SO 4 , pH = 0.667), b) neutral solution (aqueous solution containing Na 2 SO 4 , pH = 5.438), and c) basic solution (aqueous solution containing KOH, pH = 13.714), at a sweep rate of 1 mV/s.
As is evident from Fig. 4 , the curve at GCNP-PME was strongly affected by the pH in acidic solution. Assumedly, the surface of GCNP has a very slight gap. Thus, this result indicates that the Ni metal, which is a primary component of the GCNP, was corroded.
From the Pourbaix diagram, 30 we investigated the effect on Ni metal of applied potential and pH in a reaction medium. The reaction shown in Eq. (2) proceeds to Ni 2+ in an acidic medium (pH 0-6). The reaction shown in Eq. (3) proceeds to NiO in a neutral medium (pH 6-9). The reaction shown in Eq. (4) proceeds to Ni(OH) 2 in a weakly basic medium (pH 9-12). The reaction shown in Eq. (5) proceeds to HNiO 2 ¹ in a strongly basic medium (pH [12] [13] [14] .
In addition, we performed validation experiments for a Ni-PME with Ni powder packed in the PME.
Current-potential curve of Ni-PME
The change of the current-potential curve relative to the pH level using Ni-PME is shown in Fig. 5 . The curve varied depending on the pH. The above-mentioned hypothesis by the Pourbaix diagram was corroborated experimentally.
As is evident from Fig. 5 , the Ni was strongly corroded in the acidic medium [ Fig. 5(a)] ; however, the effect in neutral and basic media [Figs. 5(b) and (c)] was negligible.
The difference between GCNP-PME and Ni-PME is only the presence or absence of graphene. Therefore, we considered that the difference between the electrodes reflects the existence of graphene. In the future, we plan to clarify the active site of the electrocatalyst.
Conclusion
We developed a new electrode catalyst prepared from methane gas by microwave-assisted catalytic decomposition. The catalyst was evaluated by morphological analysis, which showed that the Electrochemistry, 83(5), 339-341 (2015) catalyst had the structure of a graphene-covered nickel particle. Next, the GCNP was packed into a powder microelectrode, and the oxygen reduction activity was evaluated electrochemically. By comparing the ORR at the GCNP and commercially available Pt/C, the oxygen reduction activity was evaluated. As a result, the ORR at GCNP was similar to that of the Pt/C in neutral solution. In acidic solution, the GCNP exhibited a higher corrosion resistance than a nickel particle. The result was well GCNPs are expected to be a substitute for Pt electrodes as they can be covered without gaps. 
